Background: Lysophosphatidic acid receptor 1 and Rho/ROCK signaling is implicated in bone cancer pain development. However, it remains unknown whether the two signaling pathways function together in P2X 3 receptor-mediated bone cancer pain. Results: In this study, using a rat model of bone cancer, we examined the expression of P2X 3 and lysophosphatidic acid receptor 1 in rat dorsal root ganglion neurons and further dissected whether lysophosphatidic acid receptor 1 and Rho/ ROCK-mediated pathways interacted in modulating rat pain behavior. Bone cancer was established by inoculating Walker 256 cells into the left tibia of female Wistar rats. We observed a gradual and yet significant decline in mean paw withdrawal threshold in rats with bone cancer, but not in control rats. Our immunohistochemical staining revealed that the number of P2X 3 -and lysophosphatidic acid receptor 1-positive dorsal root ganglion neurons was significantly greater in rats with bone cancer than control rats. Lysophosphatidic acid receptor 1 blockade with VPC32183 significantly attenuated decline in mean paw withdrawal threshold. Flinching behavior test further showed that lysophosphatidic acid receptor 1 inhibition with VPC32183 transiently but significantly attenuated a,b-meATP-induced increase in paw lift time per minute. Rho inhibition by intrathecal BoTXC3 caused a rapid reversal in decline in mean paw withdrawal threshold of rats with bone cancer. Flinching behavior test showed that BoTXC3 transiently and significantly attenuated a,b-meATP-induced increase in paw lift time per minute. Similar findings were observed with ROCK inhibition by intrathecal Y27632. Furthermore, VPC32183 and BoTXC3 effectively aborted the appearance of lysophosphatidic acid-induced calcium influx peak. Conclusions: Lysophosphatidic acid and its receptor LPAR 1 , acting through the Rho-ROCK pathway, regulate P2X 3 receptor in the development of both mechanical and spontaneous pain in bone cancer.
Background
Bone cancer pain may develop as a result of tumors arising in bone such as osteosarcoma or as a consequence of cancer metastasis, particularly cancers of the breast, prostate, and lungs. 1 Apart from direct damage of the sensory fibers by cancer cells, increased local production of inflammatory cytokines and extracellular adenosine triphosphate (ATP) in the tumor microenvironment point to complex pain mechanisms underlying nociceptive and inflammatory pain in bone cancer patients and animal models. [2] [3] [4] In the peripheral nervous system, extracellular ATP contributes to nociception by activating P2X receptors.
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P2X 3 receptor, a member of the purinergic P2X
1 Department of Anesthesiology, Shanghai Chest Hospital, Shanghai Jiao Tong University, Shanghai, PR China receptors, 6 is selectively expressed in small-diameter sensory neurons 7 and implicated in bone cancer pain. 8, 9 In a previous study from this laboratory, we found increased expression of P2X 3 receptor in dorsal root ganglion (DRG) neurons in a rat model of bone cancer pain. 10 Studies also demonstrate increased expression of P2X 3 receptors on epidermal nerve fibers during tumor growth. 11 Blockade of P2X 3 receptor reduced chronic inflammatory and neuropathic pain behavior in rats, further highlighting a role of P2X 3 receptor in pain regulation. 12, 13 Lysophosphatidic acid (LPA), synthesized by nearly all human cell types under normal conditions, is increased in tumor tissues. 14 In bone cancer, LPA increase is associated with increased risk of metastasis and pain development. 15, 16 LPA also enhances tetrodotoxin receptor-mediated neuronal firing and promotes release of substance P. 17 LPA receptor subtype 1 (LPAR 1 ) is implicated in the initiation of peripheral nerve injury-induced neuropathic pain in mice. 18 In rats with bone cancer, pain is associated with upregulated LPAR 1 expression in DRG cells. 19 LPAR 1 activation may in turn stimulate mitogen-activated protein kinases (MAPKs), phospholipase C (PLC), and Rho-ROCK, all of which associated with neuropathic pain. [20] [21] [22] LPA receptor ligand also potentiates ATPgated P2X receptor channel currents, suggesting that P2X receptor and LPA receptors may functionally interact.
In this study, we hypothesized that LPA and Rho/ROCK may interact in the P2X 3 receptor signaling pathway in regulating cancer pain sensitivity and examined the expression of P2X 3 and LPAR 1 in rat DRG neurons in a rat model of bone pain. Potential interaction between LPAR 1 and P2X 3 was also investigated. 
Methods

Rat bone cancer model
Animal treatments
Twelve days after inoculation, the rats were catheterized by placing a PE-10 polyethylene catheter into the subarachnoid space between vertebrae L5 and L6. Three days later, rats (n ¼ 6 for each group) were randomized to receive via the catheter P2X 3 
Western blotting analysis
Approximately 100 mg of tissues was homogenized in ice-cold M-Per lysis buffer (Pierce Biotechnology). The proteins (50 ng) were denatured and separated by 10% SDS-polyacrylamide gel electrophoresis and subsequently transferred to nitrocellulose membranes. The membranes were incubated with specific antibodies including P2X 3 or LPAR 1 overnight at 4 C. Membranes were then incubated with a secondary horseradish peroxidase-conjugated antibody and immunoreactive proteins visualized using enhanced chemiluminescence (Santa Cruz Biotechnology). The intensities of light-emitting bands were detected and quantified using Sygene Bio Image system (Synoptics Ltd, UK). To control sampling errors, the ratio of band intensities to bactin was obtained to quantify the relative protein expression level.
Paw withdrawal threshold and flinching behavior test
Paw withdrawal threshold was assessed before inoculation (day 0) and 1, 4, 7, 10, 13, 17, and 21 days after inoculation. Rats were acclimated to the test environment in individual testing cages for 20 min each day for three consecutive days. On the test day, rats were given at least 20 min to acclimate. Paw withdrawal threshold was measured as the hind paw withdrawal response to von Frey hair monofilaments (Stoelting, IL, USA). The stimuli were applied in a consecutive ascending order (0.6, 1, 2, 4, 6, 8, 10, and 15 g) perpendicularly to the medial surface of the hind paw for 3 s until paw withdrawal occurred. A positive response was defined as a withdrawal of the hind paw upon stimulation accompanied by head turning, biting, and/or licking. Each stimulus was repeated for five times with a 10-min interval, and the lowest force to induce at least three positive responses was defined as the paw withdrawal threshold.
Flinching behavior test (paw lift time per minute, PLTPM) was performed at day 12 postinoculation as described previously. 23 a,b-meATP (50 nM in 50 mL; Sigma), a,b-meATP plus P2X 3 receptor antagonist A-317491 (100 nM), or an equivalent volume of phosphate-buffered saline was administered subcutaneously into the plantar surface of the left hind paw using a 30-gauge needle. Rats were returned to their cages immediately after injection. Paw lift time and spontaneous withdrawal time were recorded. PLTPM was calculated using the equation:
Primary DRG neurons were dissociated at the L4 and L5 levels 14-16 days after inoculation and cultured as previously described. 24 The cells were plated on glass coverslips coated with 0.1 mg/mL polyornithine and 1 mg/mL laminin (Boehringer Mannheim, Mannheim, Germany) and were incubated for 1 h at 37 C with 5 mM Fura2-AM (Sigma) in HEPES-buffered Krebs solution (pH 7.4). The cells were washed and allowed to stand in a custom-designed perfusion chamber for 20 min at room temperature in the dark. Then, the chamber was mounted on the stage of an inverted microscope equipped with a CCD camera (Olympus, Japan). Cells were treated with a,b-meATP (20 mM) alone, or a,bmeATP (20 mM) followed by treatment with VPC32183 (20 mM), LPA (4 mM, Sigma), or BoTXC3 (5 mg/mL) and then a,b-meATP (20 mM). Fura-2 fluorescence signals were sequentially measured with excitation at 340 and 380 nm and emission at 510 nm to obtain a 340/380 ratio as a surrogate for intracellular calcium concentrations. Data were collected every 5 s. Images were acquired and analyzed using Metafluor imaging software (Universal Imaging Corp., Downingtown, PA, USA).
Statistical analysis
Data were presented as mean AE SD and analyzed using Origin 8.0 (Microcal Software, Northampton, MA, USA). Inter-group differences for PWT and PLTPM were assessed for significance using two-way ANOVA for repeated measures, followed by Scheffe's multiple comparison test. Inter-group differences in receptor expression levels based on immunofluorescent staining were assessed for significance using Student's t test. Inter-group differences for peak fold increase of Fura2 340/380 ratio were assessed for significance using oneway ANOVA followed by least significant difference post hoc analysis. Statistical significance was set at p < 0.05.
Results
Bone cancer pain is associated with in increased proportions of LPAR1 and P2X 3 
-positive neurons in DRG
We evaluated paw withdrawal threshold in rats inoculated with live vs. heat-killed Walker 256 cells (each 2 Â 10 5 , 10 mL). The mean paw withdrawal threshold (MPWT) at baseline (day 0 postinoculation) was comparable between the two groups (Figure 1(a) ). A gradual and yet significant decline in the MPWT was observed in rats inoculated with live tumor cells but not heat-killed tumor cells. At day 16, the MPWT in rats inoculated with 2 Â 10 5 live tumor cells was 29.9% lower than in rats receiving heat-killed tumor cells (p ¼ 2.3244E-8).
Our previous study and others have previously shown that P2X 3 and LPAR1 are upregulated in DRG neurons in rats with bone cancer. 10, 19 Consistently, immunofluorescent staining in the current study revealed greater number of P2X 3 -positive cells in rats inoculated with live Walker 256 cells (75%) than in rats receiving heat-killed tumor cells (p ¼ 2.6706E-5) (Figure 1(b) and (c)). Similarly, the number of LPAR1-positive cells was significantly higher in rats inoculated with live tumor cells (126%) (p ¼ 4.92464E-5) (Figure 1(b) and (c) ). The diameter of the positively labeled neuronal soma was measured using a calibrated reticule and calculated as an average of the shortest and longest axes. The LPAR1 receptors were predominantly located on 1 were assessed using Western blot analysis. Data (a to c) are presented as mean AE SD (n ¼ 6 rats per group), and inter-group differences are assessed using Student's t test. *p < 0.05, **p < 0.01 compared with the sham control.
small-sized neurons (diameter < 30 mm). Almost all P2X 3 -positive neurons expressed LPAR1 receptors, whereas only a proportion of the LPAR1-positive neurons also expressed P2X 3 receptor.
Blockade of LPAR1 or P2X 3 receptor diminishes bone cancer pain and ,-meATP-induced spontaneous pain Inhibition of P2X 3 receptor by intrathecal A317491 (30 nmol) increased paw withdrawal threshold (Figure 2(a) ). At the peak of effects (60 min), the withdrawal threshold was increased by A317491 (n ¼ 6) to 243% (p ¼ 9.67944E-6 vs. rats receiving PBS vehicle; n ¼ 6). We then examined the effect of inhibition of P2X 3 receptor on flinching behavior of the rats. Intrathecal A317491 attenuated the transient but yet significant increase in spontaneous pain induced by a,b-meATP in PLTPM (A377491: 12.45 AE 3.45 vs. PBS: 78.94 AE 5.53, 2 min) (p ¼ 2.32139E-8) (Figure 2(b) ). LAPR1 blockade with VPC32183 also significantly attenuated the decline in paw withdrawal threshold (p ¼ 8.3823E-8 vs. the BSA vehicle; n ¼ 6) (Figure 2(c) ). VPC32183 transiently and significantly attenuated a,b-meATP-induced increase in PLTPM (VPC32183: 25.11 AE 6.45 vs. BSA: 78.16 AE 10.31, 2 min) (p ¼ 9.15659E-7) (Figure 2(d) ). These results demonstrated that blockade of LPAR1 or P2X 3 receptor could inhibit bone cancer pain and a, b-meATP-induced spontaneous pain. 3 receptor agonist a,b-meATP induced a spontaneous response that was reduced by LPAR1 antagonist. Data were presented as means AE SD (n ¼ 6 animals per group), and inter-group differences were assessed for significance using two-way ANOVA. *p < 0.05, **p < 0.01 compared with corresponding time points in the PBS group or 3% BSA group.
Rho and ROCK signaling is implicated in bone cancer pain and , -meATP-induced spontaneous pain LPAR1 activation is known to stimulate Rho-ROCK, which in turn is associated with neuropathic pain. In our experiments, Rho inhibition by intrathecal BoTXC3 (300 pg) caused a rapid reversal in the decline in mechanical pain threshold in rats inoculated with live tumor cells (Figure 3(a) ). The action of BoTXC3 peaked at 60 min after intrathecal administration followed by a gradual decline (BoTXC3: 54. (Figure 3(b) ). Consistently, ROCK inhibition by intrathecal Y27632 (48 mg) caused a time-dependent increase in mechanical pain threshold, with a peak at 240 min after intrathecal administration (Y27632: 48.37 AE 4.39 vs. normal saline: 15.49 AE 2.19, 120 min, p ¼ 4.35685E-8). By 24 h, the effects of Y27632 were no longer evident (Figure 3(c) ). Flinching behavior test revealed that ROCK inhibition with Y27632 also significantly attenuated a,b-meATPinduced increase in PLTPM (Y27632: 50.29 AE 10.95 vs. normal saline: 78.15 AE 10.87, 2 min) (p ¼ 6.91976E-5) (Figure 3(d) ). These results implicated Rho/ROCK signaling in mechanical bone cancer pain and a, b-meATPinduced spontaneous pain. Data were presented at means AE SD (n ¼ 5 animals per group), and inter-group differences were assessed using two-way ANOVA. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with corresponding time points in the saline group or 3% BSA group.
Rho functions downstream of LPAR1 in modulating P2X 3 receptor-mediated cellular calcium influx P2X 3 receptor agonist a,b-meATP (20 mM) elicited a strong calcium influx in primary DRG neurons of rats with bone cancer with a Fura-2 ratio of 0.836 (peak 1 in Figure 4(a) ). Addition of LPA (4 mM) led to marked increase in calcium influx with a Fura-2 ratio of 0.977 (peak 2, Figure 4(a) ). Peak 2 was 1.59 AE 0.57 of peak 1 (p ¼ 0.042, n ¼ 47, Figure 4(c) ). Addition of LPAR 1 antagonist VPC32183 prevented LPA-induced calcium influx (peak 1: 1.37 vs. peak 2: 1.28) (Figure 4(b) ). Peak fold increase was reduced from 1.62 AE 0.63 to 0.74 AE 0.21 (p < 0.01, Figure 4(c) ). We treated DRG neurons with a,b-meATP (20 mM) and then with LPA (4 mM) and Rho inhibitor BoTXC3 (5 mg/mL). Similar to LPAR1 antagonist VPC32183, BoTXC3 prevented LPA-induced calcium influx (peak 1: 1.28 vs. peak 2: 1.40). Peak fold increase was reduced from 1.99 AE 0.61 to 1.46 AE 0.61 (p < 0.01, Figure 4(f) ). These findings indicate that Rho functions downstream of LPAR1 in modulating P2X 3 receptor-mediated calcium influx in DRG neurons.
Discussion
Recent evidence, including evidence from this research group, has implicated P2X 3 receptor in modulating bone cancer pain in animal models. 10, 25 We speculated that P2X 3 receptor may represent a promising molecular target, but its upstream and downstream molecules have not been defined. In the current study, by using a rat bone cancer model, we established that LPAR1, which is known to initiate peripheral nerve injuryinduced neuropathic pain, 6 is also implicated in modulating mechanical allodynia and spontaneous pain in rats with bone cancer. Furthermore, we demonstrated that Rho/ROCK signaling is also involved in modulating bone cancer pain and a,b-meATP-induced spontaneous pain and our calcium influx analysis indicated that Rho/ ROCK functions downstream of LPAR1 in modulating P2X 3 receptor-mediated cellular calcium influx. Intracellular signaling cascade of P2X 3 receptors have not been clearly delineated so far. Rho/ROCK signaling has been recently shown to mediate neuropathic pain in rats by activating p38 MAPK. 26 The nociceptive effects of ROCK have been demonstrated in a range of pain models, and ROCK inhibition leads to pain reduction. 27 Our findings point to a functional link between P2X 3 signaling and the pivotal Rho/ROCK pathway. These findings should help set the stage for further investigations to elucidate the full range of upstream and downstream signaling pathways involved in bone cancer pain, which may in turn unravel novel therapeutic targets for managing and even preventing bone cancer pain.
Inhibition of the P2X 3 receptor has been shown to reduce neuropathic pain, chronic inflammatory pain, and formalin-induced pain. 13 The present study built on our previous work showing that the P2X 3 receptor was functionally up-regulated in DRG neurons of rats with bone cancer. 10 Here, we provide additional evidence that bone cancer is associated with an increased proportion of LPAR1 and P2X 3 receptor positive neurons. Our results with immunofluorescent assays suggest that LPAR1 and P2X 3 receptor are colocalized in DRG cells. However, we do not know whether LPAR1 and P2X 3 receptors physically interact with one another in the cells as immunoprecipitation assays were not conducted and whether LPAR1 and P2X 3 receptors cross-talk with one another in the development of bone cancer pain.
Cancer pain mechanism is complex and involves nociceptive and inflammatory pain and others. The current study assessed the role of LPAR1 and Rho/ROCK in both mechanical hyperalgesia and a,b-meATP-induced spontaneous pain in the rat bone cancer model. Dissection of changes in calcium influx currents using LPAR1 antagonist VPC32183 and Rho inhibitor BoTXC3 reveals that Rho/ROCK signaling occurs downstream of LAPR1 in P2X 3 receptors-mediated spontaneous pain in rats with bone cancer, which is consistent with the finding of a recent study showing that in DRG neurons, LPAR1 activates the Rho-ROCK signaling pathway in the development of neuropathic pain. 28 Although there is a limitation that only primary DRG neurons of rats with bone cancer pain were used in calcium influx experiments, the behavior experiments in the control animals do suggest that LPAR1 and Rho/ROCK may interact in the P2X 3 receptor signaling pathway in regulating bone cancer pain sensitivity, due to the fact that (1) the bone cancer-induced decrease in paw withdrawal threshold was reversed by A317491, VPC32183, BoTXC3, or Y27632. (2) The PLTPM induced by P2X 3 receptor agonist a,b-meATP was significantly longer in cancer rats than in heat-killed cells control animals, and it can be fully reduced by VPC32183, BoTXC3, or Y27632. However, the effect of A317491, VPC32183, BoTXC3, and Y27632 on sham control (heat-killed cell) animals is similar to that of PBS. Hang et al. 22 demonstrated that ROCK inhibition significantly attenuated pain behavior in rats with bone cancer, but they did not address the underlying signaling pathways. We extended their findings by showing that ROCK functions downstream of LPAR1 in modulating P2X 3 receptormediated pain. These findings together suggest that Rho-ROCK signaling modulates pain sensitivity Figure 4 . Rho functions downstream of LPAR1 in modulating P2X 3 receptor-mediated cellular calcium influx. Representative tracings of Fura-2 ratio of primary dorsal root ganglion (DRG) neurons treated with a,b-meATP (20 mM) followed by lysophosphatidic acid (LPA, 4 mM) plus vehicle (a, d) or LPA plus LPAR1 antagonist VPC32183 (b), or LPA plus Rho inhibitor BoTXC3 (5 mg/mL) (e) are shown. Pooled data are shown (c, f) measuring the Á Fura-2 ratio in which peak height is subtracted from basal and then peak fold of increase was Á Fura-2 ratio of peak2 vs. Á Fura-2 ratio of peak1; between 23 and 48 cells were analyzed under each condition. Data are presented as mean AE SD, and inter-group differences are assessed using one way ANOVA followed by LSD post hoc analysis. **p < 0. mediated by P2X 3 receptors downstream of LPAR1. While LPAR1 is the primary LPA receptor in DRG neurons, 29 five other LPARs have been described. 30 We cannot completely exclude that a,b-meATP-induced enhancement of spontaneous activity in our experiments reflects activation of other P2X receptors. It remains intriguing to explore whether other LPARs also mediate P2X 3 receptor-induced pain in bone cancer and other contexts. Our findings in bone cancer pain help set the stage for delineating LPARs and other signaling pathways in P2X 3 receptor-mediated pain.
Conclusions
In conclusion, this study suggests that LPA and its receptor LPAR1, acting through the Rho-ROCK pathway, could regulate P2X 3 receptor in the development of both mechanical and spontaneous pain in bone cancer. Antagonizing or inhibiting LPAR signaling or its downstream Rho/ROCK signaling could be developed novel approach to manage bone pain.
